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Abstract: Carbon capture and storage is a viable option to reduce greenhouse gas emissions.
Although capture and geological storage of CO2 are the major forms of research, CO2 transportation
should be also considered in the entire chain. There are still some issues that require a more accurate
definition, especially in economic aspects. In this study, we explore concepts such as the uses of a
storage structure for a single source with, for instance, an individual transportation line, and the use of
a centralized model using a geological structure for several C02 emitters. This model has been applied
in a given region of Spain, in order to determine the maximum distance between the sources and the
potential areas for storing CO2 , using a geographical information system to evaluate the data. Moreover,
sensitive analysis was performed in order to orovide a better understandina of the economical
implications of CO2 transportation
Introduction
eontinuous increases in greenhousegas (GHG) emissions1 have been relatedto global warming. In addition, the European
Commission has recently presented an ambitious
strategy to reduce GHG by 2030,1-4 and is leading a
new worldwide agreement to control and reduce
anthropogenic GHG.
Global warming is a complex issue in which countries
should cooperate in multilateral agreements. However
the reduced use of fossil fuels as primary energy is the
main point of disagreement. Developing countries
favor the continued use of these sources, as this is the
cheapest way to obtain energy, whereas developed
countries consider renewable energy as the next
generation and most sustainable source of energy in
the future. However, the International Energy Outlooks
estimate that fossil fuels will continue as primary
energy sources up to year 2035 and beyond.s,6 Given
such a scenario, carbon capture and storage (CCS) has
been highlighted as one of the most promising
technologies to significantly reduce CO2 emissions
from industrial activities, inc1uding steel and cement
plants, power stations, and other related enterprises?,8
The Intergovernmental Panel on Climate Change
(IPCC) estimates that the worldwide potential to store
CO2 equates to decades of GHG emissions.8 In recent
years, much research has been carried out to scale-up
different technologies to capture CO2 from stationary
sources. Nonetheless, financial feasibility has not
always been achieved. Furthermore, the social
implications oflong-term storage of CO2 need to be
taken into consideration? In relation to this, one key
Table 1. Current CO2 pipelines. The first long-distance CO2 pipeline was in the 1970s. Main utilization of
the natural & anthropogenic CO2 is EOR activities.10,13
PIPELINE Location Length Diameter Estimated Maximum
Km inches 106 t/year
Cortez USA 808 30 23,6
Sheep Mountain USA 656 NA 11,0
Bravo USA 351 20 7,0
Dakota GasificationlWeyburn USA/Canada 328 14 2,6
Choctaw USA 294 20 7,0
Bairoil USA 258 NA 23,0
Central Basin USA 230 16 4,3
Canyon Reef Carriers USA 224 16 4,3
Cornanche Creek USA 193 6 1,3
Centerline USA 182 16 4,3
Delta USA 174 24 11,4
Snohvit Norway 153 NA 0,7
Borger USA 138 4 1,0
Coffeyville USA 112 8 1,6
OCAP The Netherlands 97 NA 0,4
Beaver Creek USA 85 NA NA
Anton Irish USA 64 8 1,6
El Mar USA 56 6 1,3
Chaparral USA 37 6 1,3
Doliarhide USA 37 8 1,6
Lacq France 27 NA 0,1
Adair USA 24 4 1,0
Cordona Lake USA 11 6 1,3
element of importance is the transportation
(infrastructure to transport CO2 which is captured
from any stationary source to a suitable and safe sink)
criteria associated with the existing European CCS
projects and their impact on project feasibility.
This paper evaluates the economic implications of
CO2 transportation by pipeline, considering different
scenarios, namely Point to Point (P2P-C02 ) versus a
centralized network (CN-C02 ) transportation as a
strategy to implement this technology across Europe.
This study defines a short distance (1ess than 200 km)
to avoid any pressurized station9,lO and considers
different quantities of CO2 to determine the cost of
each assumption. In order to determine the feasibility
of each assumption, the authors define hypotheses
(breakdown economy of the CCS chain) and different
scenarios for the cost of CO2 allowances.
A case study is proposed in Spain, which considers
current stationary sources that are located in a
sedimentary basin. In this case, appropriate structures
for storage of CO2 close to those sources are expected
to be found. ll ,12 Using a Geographic Information
System (GIS) and the financial analysis proposed in
this paper, it is possible to compare point-to-point
scenarios with a centralized network. The results are
analyzed from a technical and financial perspective.
Materials and methods
Current CO2 transportation
The relative development of technologies to capture
and store CO2 is still in its early stages. This is reflected
by the low number of existing infrastructure developed
to transport CO2 from stationary sources into
geological structures. Table 1 provides an overview
of the current developments for CO2 transportation
globalIy. AlI of these examples have been developed as
a result of to the enhanced oil recovery (EOR)
technique,13 where the CO2 source is found mainly in
natural reserves. In Europe, only a few projects are in
operation, but there are plans to deploy an extended
CO2 pipeline network along Europe in order to
optimize CO2 storage structures.14
These examples may be used to study CO2
conditions. In addition, many CO2 pipeline projects
are based on welI-known designs and materials
commonly used in natural gas pipeline specifications.
The most profitable way to transport CO2 is in its
dense phase. 15,16 However, topographic variations
during transportation of CO2in the liquid phase could
induce pressure differences, turning liquid into gas.
This can generate a two-phase flow, which has many
associated handling difficulties.15,17 Therefore, it has
been suggested that the most efficient way to transport
CO2 is as its supercritical phase, which occurs at a
pressure higher than 7.38 MPa and a temperature
of more than 31.1 0c.15,18 In order to maintain these
conditions, this type of transportation may require the
use ofbooster stations in the pipeline layout so that the
required pressure and temperature are maintained.
It has been suggested that the operating pressure of
CO2 pipelines should be aboye 10.3 MPa,9 which
ensures that CO2 wilI always be in a single phase over
a range of temperatures. This range of temperatures
is generalIy defined by the temperature of the
surrounding soil. For example, in northern latitudes,
the soil temperature varies from a few degrees below
freezing in winter to 6-8°C in summer, while in
tropicallocations the soil temperature may reach up to
20°c.15 One more design constraint is the construction
material of the pipeline. An in-depth analysis of the
alIowable operating conditions for several materials has
already been provided in the existing literature. 19
However, there is no need for a temperature limit.
In the pipeline diameter ca1culations, the ambient
temperature of the pipeline is assumed in most cases
and CO2 is compressed to transport it as a supercritical
or liquid phase.8,9 It must be taken into consideration
that pipelines are often buriedl6 mainly for
environmental safety purposes, but this also provides
more stable temperatures than at the surface, where
pipelines can reach high temperatures as a result of
sun exposure.21
Materials and pipeline specifications
Material selection should be compatible with alI states
of the CO2 stream. These materials should be selected
to prevent corrosion and alIow maximum material
stress. In addition, eligible materials need to withstand
the potentiallow temperature conditions that may
occur during a pipeline depressurization situation.
The design of a pipeline should meet the
requirements set by appropriate regulations and
standards. CO2 pipelines shalI be designed according
to the applicable regulatory requirements. The
Recommended Practice for Design and Operation of
CO2 refers to the folIowing pipeline standards: ISO
13623:2009, DNV-OS F101:2012 and ASME B31.4 or
ASME B31.8.22 Pipeline material specification can be
defined according to the requirements of the American
Petroleum Institute (AP!) 5L (or other standard) with
additional clauses in order to ensure that the material
wilI be suitable for the specific purpose.23 The pipeline
material may be chosen on the basis of cost analysis,
where potential pressures for transferring CO2,
pipeline diameter and thickness are also determined.
UsualIy CO2 pipelines are designed using existing
national standards for gas and liquid transportation
pipes, while additional CO2 specific design issues
are taken into consideration by the pipeline
construction/operation companies to guarantee the
reliable and safe operation of a given pipeline.
As previously stated, the requirements for CO2
pipelines are expected to be incorporated into existing
pipeline standards in the near future. Several standards
and recommended practices are applicable to CO2
pipelines. For example, the ISO 13623 is a general
international standard, although most countries
operate under their own primary pipeline standard.24
Carbon-manganese steels are the cheapest suitable
pipeline material for CO2 transportation, and are used
wherever possible.25 This combination is generalIy
coupled with corrosion inhibition technologies, since it
offers inadequate resistance to internal corrosion by the
transported fluids thus requiring the use of corrosion
resistant materials. Pipelines designed for
transportation with high risk of corrosion may be,
therefore, manufactured in solid corrosion-resistant
alIoy (CRA), in carbon steel cladding, lined with CRA,
or made as flexible pipes.23
The use of carbon steels (e.g. with API X-60 and
X-65) for the transportation of CO2 streams has been
ongoing for more than 30 years as required in EOR
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Figure 1. Schematic representation of the main units considered in the costs analysis of
CO2 transportation in the present study.
projects. Field experience confirms that corrosion rate
is low. It has been reported that a carbon steel pipeline
system operated with high-pressure CO2 over 12 years
will endure a corrosion rate of only 0.25-2.5 ¡Lm per
year.8 This is mainly a result of the high focus on
controlling the water content in the CO2before it
enters the pipeline, and the strict procedures for
shutting down the line in case the dewatering system
cannot meet the specifications. For CO2 service at high
pressures in valves, control seals and packing special
CO2 resistant materials like nylon or viton are
considered appropriate.20 During the 2002-2008
period, 18 incidents were reported with no fatalities
and/or injuries.26
CO2 transportation design
The cost of transporting the CO2 to the site must be
added to the cost of storing the CO2 at the
location.9,27-29 Moreover, the cost of pipeline
transportation will be determined by the pipeline
route, in which physical and social geography will
be crucial conditions.30 Finally, the lithology of
the area will play an important role, as well as the
characteristics of the pipeline itself, such as the length,
diameter, material, quantities, and sharpness ofbends
and number ofbooster stations (if applicable).
Considering the amount of CO2 that needs to be
transported and the required distances, on-shore
pipeline routes are thought to be the most
economica1. 15,19,21 The scenarios considered in this
paper are based on the cost estimate carried out by the
Global CCS Institute. 10
The three major cost elements for pipelines are
(i) construction costs (e.g. materials, labor, booster
station, if needed, and others), (ii) operation and
maintenance costs (e.g. monitorization, maintenance,
energy costs, etc.), and (iii) other costs (design,
insurance, fees, and right-of-way).31 Special
consideration should be given to certain land
conditions, like heavily populated areas, protected
areas such as national parks, or major waterways,
which may have significant cost impacts.8,32
The approach proposed in this study includes the
cost of the infrastructure needed to transport CO2
downstream to the Capture Unit (Fig. 1). Therefore, a
compression train and the distance between source and
storage structure are considered in the cost estimate.
This study proposes a limited distance of 100-200 km
to avoid any re-pressurization stations.9,10
Calculation
The Duero Basin as an area to evaluate
different transportation and cost scenarios
An improved understanding of the proximity of
major CO2 sources to suitable storage sites, coupled
with the establishment of cost curves for the capture,
transportation, and storage of CO2, would facilitate
decision-making about large-scale deployment of
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Figure 2. Three scenarios are considered in this case-study.
CCS8 . For this reason, it is necessary to evaluate both
storage options and CO2 emission sources.
The Duero Basin in NW Spain is one the most
promising basins for CO2 storage in the Iberian
Peninsula due to the existence of favorable deep
aquifers close to large CO2 emission point sources.29
The geology of this area suggests different structures
and formations that might be suitable as a CO2 storage
structure. ll ,12,30
There are several stationary CO2 sources along the
Duero Basin. Most of these are power stations in which
the main primary energy is autochthonous coa1. This
provides an interesting scenario for assessing different
strategies for CO2 transportation. The power stations
considered in this area reflect 25% of the total capacity
installed in Spain, which uses coal as primary energy. It
is therefore likely that the results obtained in this study
could be extrapolated to rest of Spain. For the purpose
of this study, the power stations of Compostilla 11
(León), La Robla (León), and Velilla/Guardo (Palencia)
have been selected. In addition, Anllares (León) will be
also considered in the integrated network scenario.
Table 2 includes current CO2 emissions from these
sources and the capacity of each of them.
This study considers three scenarios in order to
evaluate (i) point to point transport (Scenarios A and
B) and (ii) integrated network (Scenario C). Scenario A
has also been included to compare the cost between the
deployment phase and the mature phase of this
technology.
This geographical area has been subject to previous
studies that have proposed many structures as suitable
areas for storing CO2, such as the ALGEC02 Project
(led by the Spanish Geological Survey) and the
GEOCAPACITY Project (FP7 Project, supported by
the European Commission). This area might be
suitable from several perspectives: various suitable
structures have been identified, and the presence of the
Utrillas formation - located in this area - provides the
optimal criteria to store and contain CO2 .30
A specific GIS has been developed in order to
evaluate the different routes and the most cost-effective
way to transport CO2 • Final definition of the CO2
transportation route will be defined in the detailed
engineering, but sorne aspects were taken into account
in this study in order to produce a consistent
investigation: Routing pipelines through urban areas
or across waterways can increase transportation costs,
while using existing pipeline infrastructure and rights
of ways can reduce these costs. It is convenient to avoid
existing infrastructure, and densely populated areas
( . . ) 13e.g. Cltles, towns .
C02 GeoRef application as a source to
evaluate pipeline designs
Once the project concept, the capacity, and sorne other
basic parameters have been set, most of the detailed
work on route selection will be addressed in
subsequent project phases. However, GIS could be used
to store, process, analyze, manage, and display all types
of geographical data. This research has been developed
using the GvSIG® software. It is an open-source
software. Source code is easily accessible, so it can be
modified, extended, and distributed for
non-commercial purposes. 33 GvSIG® has also been
reported as easy to install, user friendly, efficient,
capable, providing wider accessibility to data in
different formats, and powerfu1. 34
Several basic principIes must be taken into account
because there are sorne differences on route selection
between CO2 pipelines and other gas pipeline which
can lead to errors. 13
The first condition of this study is to avoid the
intermediate compression station, which limits the
maximum distance to transport CO2• Circles shown
in the figures represent two radios: 100 and 200 km.
Potential storage areas identified in the ALGEC02
project have been plotted as dark brown areas in order
to evaluate the distance between sources and storage
Table 2. CO2 emissions from selected stationary sources in the Duero Basin, Spain.31 ,32 Differences
between 2009 and 2012 emissions are due to political reasons (subsidies).
Energy source Capacity (MW) CO2 emissions (1 06·tly) 2012 CO2 emissions (106·tly) 2009
CT. Velilla/Guardo Coal 516 1,70 0,93
CT La Robla Coal 655 2,23 0,74
UPT Compostilla 11 Coal 1.171 5,05 2,64
CT Anllares Coal 365 1,59 0,28
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Figure 3. Towns and their areas of influence that should be avoided.
Table 3. Interactions proposed in this study (Source-Sink).
Boñar Campillo Villameriel
CT. Veilla/Guardo A,B B
2 CT La Robla A,B
(1) +(2) e e
3 UPT Compostilla 11 A,B A,B
4 CT Anllares
(3)+(4) e e
(1)+(2)+(3)+(4) e
(A) small scale, P2P model; (B) large scale, P2P model; (C) integrated network)
areas. Lack of data on these geological structures, all
of which have been identified as deep saline aquifers,
is the main hurdle when properly defining these
structures. The areas were defined by previous
hydrocarbon explorations, which inc1uded well drilling
and seismic data acquisition. Hydrocarbon exploration
wells are indicated by orange triangles in Fig. 3. Only
the Boñar structure was defined without being based
on a well and few seismic data were recorded in this
area. For this reason, the authors considered this
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Figure 4. Environmental and ecology areas are considered in this study. Those areas
should be avoided in the preliminary pipeline designo Main infrastructures and
watercourses are also included.
structure less promising, leading to its removal from
the C model (integrated network). Table 3 summarizes
the interactions proposed in this study between source
and sink.
Secondly, interference or proximity to potential or
current infrastructures must be minimized by avoiding
human habitats where possible. For this reason, a safety
radius has been proposed for different towns,
depending on the number of inhabitants: Populations
of more than 1000 inhabitants have been allocated a
safety radius of 5 km and populations of more than
5000 inhabitants have been given a safety radius of
10 km. Both radii are represented by yellow areas
(Fig.3).
Ecologically sensitive or environmental areas must
be also avoided. For this reason, different protected
areas have been considered (Fig. 4), namely Special
Protection Areas for Birds (SPAB), Sites of Community
Interest (SCI), and Natural Parks (NP).35,36 In addition,
difficult watercourse (superficial stream of water, river,
or brook) and highway crossings should be avoided
where possible.
Choosing a terrain that is relatively easy for pipeline
construction should also be considered. In our case,
the area of this study corresponds to a sedimentary
basin (Duero Basin), where main formations are c1ays,
sandstones and limestone, which are suitable for an
easy pipeline construction. Finally, a digital elevation
model (DEM) has been inc1uded, because it is
necessary to evaluate the slopes of the pipeline route.
Both data will complement and evaluate the terrain
surface (Fig. 5). Using the DEM, a longitudinal profile
can be produced to identify the best route without
major elevation changes, preventing pressure drops in
the pipes and therefore higher costs of installation of
new compression equipment.
Other geo-referenced parameters have not been
considered due to lack of data (e.g. future
developments that might be incompatible with the
presence of CO2-pipelines).
Cost calcu lation
Any cost assessment which is not based on price
contract is an estimate. Even if the deviation of the
cost assessment has an accuracy of ±30%, the cost
estimated in literature37-39 must be consistently
assessed, and will give an order of magnitude of the
investment required for the CO2 transportation phase.
The cost ca1culation should inc1ude several technical
characteristics in order to determine the diameter,
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Figure 5. Digital elevation model (DEM) and geology.
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thickness, length of the pipelines as well as the allowed
pressure drop for a given mass flow-rate of CO2 .37,38
In this study, technical characteristics for each design
have been assumed to be the same. The only difference
between each scenario is the distance and the capacity
of each stationary source. For instance, pipeline section
is ca1culated on the basis of several hydraulic equations:
Massachusetts Institute of Technology (MIT),
Carnegie Institute of Technology, Worley Parsons,
and the Carbon Capture and Storage
Institute (Fig. 6).10,38,39
The capacity of the pipeline is the first design
criterion required for a CO2 transportation cost
estimate. Pipeline capacity will be fixed by the pipe
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Figure 7. General overview of the pipeline traces. P2P model.
section and the operating pressure, and pipelines need
to be appropriately sized for the given CO2 source.
A ca1culation model has been created to determine
the pipe diameter, taking into consideration the length
of the different scenarios (Table 3). The diameters
obtained for each method are rather similar,38,39 so it
may be possible to determine the diameter for each
scenario that is being considered in this study
according to the standard pipe diameters (API5L).
Figure 6 represents the pipeline diameter for each
volume of CO2 transported per year. It shows that an
IEA-GHG formula (provided by CCS Institute) is one
of the formulae that provides the average value to aH
the formulas considered.
Results
The main factors considered for selection of an optimal
route inc1ude public safety, environmental impacts,
land uses, terrain definition (geotechnical conditions),
and proximity to existing relevant infrastructures and
facilities (Le., highways, watercourses, and industries).
The methodology applied is based on the definition
of the specific GIS, which integrates the geospatial
information. The CO2 emitters and CO2 storage
structures information define the beginning and end of
the route. The pathway of the CO2 -pipeline will be
defined thanks to the integration of the geospatial
information which is mentioned in the previous
paragraph.
Considering these conditions, several routes have
been proposed (Table 3), in order to evaluate the
technical-economic feasibility of each route. Prior
models were based on P2P designs (Fig. 7), but a
number of other routes have been considered using
in the integrated network model (Figs 8 and 9).
Pipeline designs indicate that the source-sink
distance is relatively low, considering La Robla and
Velilla sources. In this case, both sources have been
evaluated considering the nearest sink, and the
distance in these cases is less than 16 km. In contrast,
Compostilla source does not have any sink in the near
proximity, so the distance ca1culated is of greater
magnitude: 179 km if the sink is the Villameriel storage
or 154 km if the potential CO2 storage is the Campillo
area. Nevertheless, both distances are less than 200 km,
and no intermediate booster station has been
considered in the economic analysis. The P2P
scenarios have been evaluated considering an early
stage (pilot scale) and industrial scenario. Pilot scale
considers a total capacity of 100 kilo-tones of CO2 .
In order to evaluate the most suitable scenario, the
method provided by the CCS Institute has been used,
which considers the cost (both CAPEX and OPEX) of
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the transportation system. Pipeline cost in Fig. 10
inc1udes a booster station in the stationary source,
CAPEX and OPEX of the pipeline the latter (OPEX cost
also considering the cost of electricity consumption).
Equation (1) shows the costs of COz transport
(InvPipe), consider the CCS Institute formulae. lO
InvPipe = (CI x L + C2 + (C3 x L - C4) x D)
+ «C5 x L - C6) x D2) x 106 x TF (1)
where Terrain Factor (TF) has been considered as
an average value and the rest of constants are based on
onshore values published by the CCS Institute (Table 4).
The length for each design and section is inc1uded in
Figs 7 and 8, and 9, whereas the pipeline diameter is
ca1culated based on hydraulic formulae published by
the same organization.10
Different industrial scenarios have been evaluated
considering the entire volume of emissions of the
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in this study.
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Figure 10. Cost of CO2 transportation for different models, considering low (2009) and
normal (2012) emissions.
stationary sources over a period of 20 years, in which
normal (2012 year) and low (2009 year) emission data
have been considered. The pipeline section is assessed
considering both scenarios (Table 5).
It is assumed that the normal emissions scenario is
the most suitable data for evaluating the results.
Nevertheless, a low emission scenario is considered in
case of incidentallow energy demand or the
Table 4. Values of the variables considered in Eqn (1).10
Values (On Shore conditions)
C1
0.057
C2
1.8663
C3
0.00129
C4
o
C5
0.000486
C6
0.000007
TF
1.20
Table 5. Pipeline diameter considering different scenarios.
Normal emissions scenario
Pipeline section (inches)
Low emissions scenario
CT. Veilla/Guardo
CT La Robla
UPT Compostilla 11
CT Anllares
8.58
9.82
14.78
8.29
6.34
5.67
10.69
3.45
establishment of a poliey for higher use of renewal
energy.
Results showed in Fig. 10 indieate that the CN model
is less expensive in comparison with a decentralized
model:
- For a decentralized network or point-to-point
scenario, the cost would be 1.24 €/t CO2 . And in this
case, the Anllares power plant has not been inc1uded
to avoid an extra cost.
- In the intermediate scenario, considering two
networks - NET-I whieh inc1udes Velilla and La
Robla Power Plant whereas NET-III inc1udes
Compostilla and Anllares Power Plant - the cost
associated with this scenario is 0.95 €/t CO2 ,
considering the Campillo structure as a storage site.
- When the cost is associated with an overall network
where an integration of the whole pipeline designs is
0.49 €/t CO2, the Villameriel structure is the storage
site.
Conclusions
Transportation of CO2 onshore is a common practiee
in countries such as the USA or Canada, where there
are several EOR applications in oil fields. Nevertheless,
few CO2 transportation applications are related to the
geologieal storage of CO2 . According to the lEA, it will
be necessary to build as many as 500 000 km of CO2
pipeline by 2050. For this reason, it is still necessary to
consider the most efficient model to transport huge
quantities of CO2 from stationary sources to suitable
geologieal structures.
Results shown in this paper are based on the
C02GeoRef tool, whieh consider several criteria in the
pipeline designo C02GeoRef is an iterative model
whieh integrates geospatial information in order to
define the pre-feasibility design of CO2 pipelines; it is
based on geospatial and non-geospatial information.
This software tool allows an easy evaluation and
assessment of any alternative to be performed. In this
case, the data are based on the Duero Basin, where
there are larger emitters and different storage areas.
Two different models (point-to-point or network
models) have been considered, in order to evaluate the
cost of three scenarios - small-scale, point-to-point
and network models - at an industrial scale. The
centralized network is almost 60% less expensive in
comparison to the point-to-point model. It shows that
a consensus will be needed regarding the design of
future routes to transportation CO2 in an efficient way.
According to EU Directive 2009/31/CE, it is necessary
to guarantee access to transport networks by third
parties (art. 31);47 for instance, the network model will
also require a coordinated design of the pathways in
whieh an independent institution should guarantee all
health, safety, and environmental aspects, to enhance
the social acceptance of this mode of transportation.
One single institution should be responsible for
requesting the rights of access and transportation.
CO2 transportation costs depend mainly on the
distance and the quantity of CO2 to be transported.
Two different scenarios were evaluated in this paper
(normal emissions - conventional operation of the
power plants - and low CO2 emissions). The difference
between normal and low emissions can increase the
cost between 73% and 75% considering point-to-point
and total network models.
Future power plant locations should consider the
CCS chain; for this reason, it will be necessary to
evaluate the distance between the stationary source
(emitter) and the CO2 storage area in order to render
any CCS project financially viable. Even if the cost
associated to transport is less than 10% of the total
CCS chain,8,46 it is necessary to optimize the route
to decrease its cost, and social and environmental
issues.
Although the results presented in this paper are based
on a scEecific area of Spain, the C02Georef GIS and
Excel sheet used in the evaluation of each scenario
may be used at a regional or nationallevel. For
instance, the tools developed are compatible with
any other region or country, and can be used as a
preliminary design for the future CO2 pipeline
transportation network in large areas (Le., European
Community or North America regions).
References
1. Earth Systems Research Laboratory, Global trends in
atmospheric carbon dioxide. [Online]. ESRL. Available at:
http://www.esrl.noaa.gov/gmd/ccgg/trends/ [April 21,2014].
2. European Commission, Strategic Energy Technology Plan.
[Online]. EC. Available at: http://ec.europa.eu/energy/
technology/seCplan/seCplan_en.htm [April 11,2014].
3. European Commission, NER 300 Programme. [Online]. EC.
Available at: http://ec.europa.eu/c1imalpolicies/
lowcarbon/ner300/index_en.htm [April 21,2014].
4. European Commission, Horizon 2020. [Online]. EC. Available
at: http://ec.europa.eu/programmes/horizon2020/ [April 5,
2014].
5. International Energy Agency, Key World Energy Statístícs 2012.
International Energy Agency (2013).
6. British Petroleum Company, BP Energy Outlook 2035. BP,
London, United Kingdom (2014).
7. Global CCS Institute, The Global Status of CCS. Global CCS
Institute, Melbourne, Australia (2014).
8. Benson S, Cook P, Metz B, Davidson O, De Coninck H, Loos
M et al., IPCC Special Report: Carbon Oioxide Capture and
Storage. Cambridge University Press, Cambridge, United
Kingdom and New York, USA (2005).
9. Wong S, Module 4 - CO2 Compression & Transportatíon to
Storage Reservoir in Building Capacity for CO2 Capture and
Storage Project in the APEC Region: A Training Manual for
Policy Makers and Practítíoners. APEC Energy Working Group,
Singapore (2005).
10. Global CCS Institute, Webpage. [Online]. Available at:
http://www.globalccsinstitute.com/[April 11, 2014].
11. ALGEC02 Project, Sistema de Información de Geología del
Subsuelo, recursos energéticos y almacenamiento de CO2 .
[Online]. Available at: www.igme.es [February 2,2014].
12. Zapatero MA, Suarez 1, Arenillas A, Marina M, Catalina R and
Martinez R, Proyecto europeo geocapacity. Assessing
European capacity for geological storage of carbon dioxide
(estimación de la capacidad europea para el almacenamiento
de c02. Caso español). Instituto Geológico de España, IGME,
Madrid, Spain (2009).
13. Noothout P, Wiersma F, Hurtado O, Roelofsen P and
Macdonald D, CO2 pipeline infrastructure Report 2013/18. lEA
GHG, Cheltenham, UK (2014).
14. Morbee J, Serpa J and Tzimas E, The evolutíon of the extent
and the investment requirements of a trans-European CO2
transport network. JRC Scientific and Technical Reports,
Luxembourg, European Union (2010).
15. Skovholt O, CO Transportation System. Energy Convers
Manage 34(9-11):1095-11 03 (1993).
16. Forbes SM, Verma P, Curry TE, Julio Friedmann S and Wade
SM, Guidelines for Carbon Oioxide Capture, Transport and
Storage. World Reference Institute, Washington DC. pp. 41-53
(2008).
17. Svensson R, Odenberger M, Johnsson F, Strbmberg L,
Transportation systems for CO2 -application to carbon capture
and storage. Energ Convers Manage 45:2343-2353 (2004).
18. Odenberger M and Svensson R, Transportatíon systems for
CO2 - Applicatíon to carbon sequestratíon. Chalmers
University of Technology, Goteborg, Sweden (2003).
19. Mohitpour M, Golshan H and Murray A, Pipeline design &
constructíon. A practícal approach. Third edítíon. ASME Press,
New York (2007).
20. Kaufmann K-D, Carbon dioxide transport in pipelines - under
special consideration of safety-related aspects. Pipeline
Technology Conference, Munich (2008).
21. Zhang ZX, Wang GX, Massarotto P and Rudolph V,
Optimization of pipeline transport for CO2 sequestration. Energ
Convers Manage 47:702-715 (2006).
22. Serpa J, Morbee J and Tzimas E, Technical and economic
characteristícs of a CO2 transmission pipeline infrastructure.
JRC-IE Scientific and Technical Reports, Luxembourg,
European Union (2011).
23. Palmer AC and King RA, Subsea Pipeline Engineering. 2nd
edition. Pennwell, Tulsa, Oklahoma, USA (2008).
24. DNV, GASSNOVA SF Project: Activity Report 5, CO2 Transport.
Det Norske Veritas, DNV, Norway. Report No./DNV Reg. No.:
2012-0076/13REPT4-2. Rev A, 2011-12-21.
25. Suzukia T, Toriumib M, Sakemic T, Masuid N, Yanoe S, Fujitaf
H et al., Conceptual Design of C02 Transportation System for
CCS. Energy Procedia 31 :2989-2996 (2013).
26. Ter Mors Y, Knowledge Sharing Report 6: Safety, Health and
Environment (SHE). Global CCS Institute, Melbourne, Australia
(2011).
27. Llamas B and Cienfuegos P, Multicriteria decision
methodology to select suitable areas for storing CO2 . Energy
Environ 23(2-3):249-264 (2012).
28. Eccles JK and Pratson L, A 'carbonshed' assessment of small-
vs. large-scale CCS deployment in the continental USo Appl
Energ 113:352-361 (2014).
29. Svensson R, Odenberger M, Johnsson F and Stromberg L,
Transportation systems for C02-application to carbon capture
and storage. Energy Convers Manage 45:2343-2353 (2004).
30. Middleton R and Bielicki J, A scalable infrastructure model for
carbon capture and storage: SimCCS. Energy Poi
37(3):1052-1060 (2008).
31. Knoope MMJ, Ramirez A and Faaij AAP, A state-of-the-art
review of techno-economic models predicting the costs of CO2
pipeline transporto J Greenh Gas Control 16:241-270 (2013).
32. Vandeginste V and Piessens K, Pipeline design for a least-cost
router application for CO2 transport in the CO2 sequestration
cycle. J Greenh Gas Control 2:571-581 (2008).
33. McCoy ST and Rubin ES, An engineering-economic model of
pipeline transport of C02 with application to carbon capture
and storage. Int J Greenhouse Gas Control 2:219-229
(2008).
34. Nardi A, Grandia F, Abarca E, Motis K and Molinero J, Model
quantification of the C02 storage in the Los Páramos site
(Duero basin, NE Spain). Geophys Res Abstracts
15:EGU2013-7625 (2013).
35. Llamas B, Alvarez R, Mazadiego LF, Loredo J and Camara A,
Estudio de afloramientos de unidades detríticas como posibles
almacenes geológicos de C02 en la cuenca del Duero.
Estudios Geológicos 70(1):901-1105 (2014).
36. Registro Estatal de Emisiones y Fuentes Contaminantes,
[Online]. Ministerio de Agricultura, Alimentación y
Medioambiente, Gobierno de España. Available at:
http://www.prtr-es.es [February 3, 2014].
37. Red Eléctrica de España, Informe del Sistema Eléctrico
Español, 2010. REE, Madrid, Spain (2011).
38. Barton J, Alexander D, Correa C, Mashelkar R, Samuels G and
Thomas S, Integratíng Intellectual Property Rights and
Development Policy. UK Department for International
Development, Commission on Intellectual Property Rights,
London (2002).
39. Chen D, Chams S, Carmona-Moreno C and Leone A,
Assessment of open source GIS Software for water resources
Bernardo Llamas
PhD and Mining Engineer. Professor
at the Technical University of Madrid
in the field of project management
and subsurface exploration. Expert
on different scientific fields, with four
international patents and several
articles in the field of CO2 storage,
Biomethane and microalgae.
Álvaro Hernández
Mining Engineer and Master in
Project Management. Actually
working in the business
development area of OHL Industrial,
which performs full Engineering,
Procurement and Construction for
Industrial Power Plants as international
contractor, focused on thermal
and renewable power generation.
management in developing countries. J Hydro-Environ Res
4(3):253-264 (2010).
40. McCoy ST and Rubin ES, An engineering-economic model of
pipeline transport of C02 with application to carbon capture
and storage.lnt J Greenhouse Gas Control 2:219-229 (2008).
41. LEY 42/2007, de 13 de diciembre, del Patrimonio Natural y de
la Biodiversidad. BOE 299, Madrid, Spain (2007).
42. European Commission, Council Directíve 92/43/EEC, on the
conservatíon of natural habítats and of wild fauna and flora.
European Commission, Brussels (1992).
43. Horánszky B and Forgács P, CO2 pipeline cost calculations,
based on different cost models. Club of Economics in Miskole
TMP 9(1):43--48 (2013).
44. Advisory Council of the European Technology Platform for Zero
Emission Fossil Fuel Power Plants, The Costs of CO2
Transport. Zero Emissions Platform, Brussels (2011).
45. Allinson G, Cinar Y, Hou W and Neal PR, The costs of CO2
transport and injectíon in Australia. C02CRC and University of
New South Wales, Bentley, Australia (2009).
46. Akbilgic O, Doluweera G, Mahmoudkhani M and Bergerson J,
A meta-analysis of carbon capture and storage technology
assessments: understanding the driving factors of variability in
cos estimates. Appl Energ 159:11-18 (2015).
47. European Parliament, Directive 2009/31/CE. Official Journal of
the European Union, Brussels (2009).
Luis Felipe Mazadiego
Ph.D. in Mining engineering and UPM
Professor at the Madrid School of
Mines. Secretary of the Oil & Gas
Engineering Master degree (UPM). He
has participated in projects on oil
exploration geochemistry,
characterization of hydrocarbon
contaminated soil, environment and
shale and geological storage of CO2 .
Juan Pous
He was Director of Innovation
at multinational infrastructures and
services company Sacyr for 10 years.
A Doctor in Mining Engineering and
Associate Lecturer at UPM since 1996,
he has been principal investigator
on many R&D projects, including
improving energy efficiency, and
developing models for CO2 storage in deep geological
formations.
